Until recently, most clinical interest lay in the diagnosis, treatment and prevention of lead toxicity in occupationally exposed adult workers, I and in the detection of lead poisoning in selected populations of children at risk from ingestion of lead-containing paint debris and other lead-polluted materials." Concern has now switched to the widespread dispersal of inorganic lead compounds into the environment. The high cost of significant reduction of lead exposure, weighed against the uncertain health benefits, is leading to much debate. Various authorities"!" are concerned that continued low-level exposure to lead in the general environment may cause harm to the normal intellectual development of young children. The subject was recently reviewed by a Royal Commission, II and legislation to prohibit lead additives in petrol has been proposed along with other measures to reduce environmental lead pollution.
This review presents the background to the previous and current concerns regarding lead toxicity and discusses appropriate laboratory investigations. In adults, around 5-10% of orally ingested lead is absorbed from the gastrointestinal tract. The figure may be nearer 30-50% in children. Pre-school children are thought to absorb and retain more lead than older children and adults.:' Lead in inhaled dust is absorbed from the lung surfaces; the smaller the particle size, the more efficient the absorption. As much as 50% of lead inhaled from car exhaust fumes may reach the blood stream.
Whatever the route of administration, once lead is absorbed it is bound on to the surface of red cells leaving only a small proportion (1-5%) This paper was prepared on behalf of the Association of Clinical Biochemists Working Party for Clinical Laboratory Investigations. of the total blood lead in plasma. Theoretically, the concentration in plasma would be expected to be the most important since it is this component of vascular lead which is readily exchangeable with body tissues. In practice, the measurement of lead in plasma is extremely difficult and there is the added problem of collecting uncontaminated samples. Although lead can be isolated from most tissues, over 95% is deposited in skeletal bone as insoluble lead phosphate. Lead in the soft tissues and on the surface layers of bone forms an exchangeable pool and redistribution of this lead may contribute about 25% to the total blood-lead concentration.?
Lead is poorly excreted, consequently continued exposure causes accumulation. Wholebody lead content varies enormously; the range found in non-occupationally exposed populations is thought to be from 0·4 to 2·0 mmol, with an average figure of about 0·6 mmol of which 2% is circulating in the blood. The most important route of lead excretion is in urine. Normal output is less than 0·5 urnol/day, but can be greatly increased by the therapeutic use of chelating agents. Faecal lead contains both unabsorbed dietary lead and 'endogenous lead' re-entering the gastrointestinal tract in bile and other fluids. The demonstration of a high faecal lead output in children can be used to confirm suspected ingestion of lead-containing paint or other polluted material. Generally, such assays are not necessary, since the elicitation of a careful history together with radiological evidence will provide a diagnosis.
Factors affecting blood lead concentration
The half-life of circulating lead is about 1 month. Therefore, unless exposure is constant and continuous, blood-lead levels may not reflect previous uptake and absorption. Most lead leaves the blood pool by tissue deposition TABLE 1. Estimates of the lead intake per day from various sources and their contribution to the blood lead concentration "This figure is somewhat lower than the observed UK median value of around 0·57 !-LmoVL. The difference may be attributed to lead re-entering the blood pool from soft tissue and exchangeable lead in bone.
Sources contributing to blood lead concentration
the general population ingests most lead from food. UK surveys show that dietary lead intake is falling and is now around 0·7 urnol/day. This is well below the proposed World Health while a small amount is lost in excreta. After years of continued absorption, for example during occupational exposure, the rate of tissue uptake seems to be slower, possibly due to saturation of binding sites in bone and other tissues. This, together with the return of lead from the exchangeable pool into the bloodstream, extends the half-life to 1 year or more.
The relationship between the degree of lead intake and the observed blood lead concentration is non-linear. As lead input increases, the increment in blood lead concentration becomes progressively smaller. This curvilinear relationship has been shown for various doses of lead, both in air and in drinking water.!'
The distribution of blood-lead concentrations in the general population is usually skew, with only a few values above 1·5 umol/L. Median or geometric mean results should be quoted, as well as the overall observed range. Values for men are slightly higher than those for women. There is conflicting evidence regarding the change with age, some studies finding higher values in younger children than in adults. A slight seasonal effect has been noted, with higher values in summer than winter and serial studies of selected populations should take this into account. An increase in blood lead has been reported to be associated with smoking. The size of the increase is proportional to the number of cigarettes smoked.
Organisation limit of about 2 umol/day. 7 . II Estimates of the sources of lead intake in the general population are given in Table 1 , together with the contribution each makes to the blood lead level of the urbanised adult. These figures are very approximate and will vary depending on local environmental factors.
It is more difficult to make similar calculations for children, since allowance must be made for the higher proportion of ingested lead absorbed from the gastrointestinal tract and the higher volume of respired air in relation to body size. The Lawther report? estimates that in children, lead from food contributes 55-59% of lead in blood, water a more variable amount (Q.-40%) and air 3-10%.
Local environmental factors
The intake of lead can be affected by regional factors. There are areas in the UK where a combination of a domestic supply of soft acidic water and a high proportion of houses with lead piping renders water a major source of lead, both from drinking and from transfer of lead to food during cooking. Before 1977, many households in Glasgow had water-lead levels above 0·5 umol/L, the upper limit suggested by the World Health Organisation. By gradually increasing the pH and hardness of the source of the Glasgow water supply, its plumbo-solvency was markedly reduced. Lead levels in water decreased and eventually blood levels also fell. 14 in 1979, blood lead values for men were 0·96± 1·49 umol/L (n=97) and for women 0·74±1·62 umol/L (n=99); the comparable values in 1981 were 0·78±1·45 urnol/L (n=82) and 0·52±1·Sl umol/L (n=118). (Results quoted as geometric mean and geometric standard deviation.) It has been suggested that reducing the use of lead-treated petrol will lower the content in air and therefore the blood-lead concentration. A recent American survey records a 37% fall in blood-lead concentration following the introduction of lead-free petrol.8, 23 Italian studies of the uptake of isotopic lead in petrol found that some 30% of the total blood lead came from this source. II The wide dispersal of lead from petrol-may also contaminate food. For young urban children direct hand-to-mouth transfer of street dust, polluted by lead from automobile exhausts, seems to be a real hazard. 13 Most children who present c1inically with suspected lead poisoning/ can be shown to have ingested lead-containing materials such as paint 0·27 0·04 0·13
0·44"
Contribution to blood lead concentration in !-LmoVL (after Ratcliffe:')
Source Food Water Air Total chips, putty or lead-polluted dusts and soils. Local industrial pollution from lead smelting or refining operations can affect families living close by. Other miscellaneous sources include the use of cosmetics containing lead and the consumption of beverages stored in lead-glazed pottery."
Relationship between blood lead concentration and adverse health effects
It is apparent from the above discussion that most of us are exposed to some degree of lead pollution. When does this constitute an unacceptable health hazard? Although an indirect measure, blood-lead concentrations are taken to reflect lead exposure and it is likely that there is a continuous detrimental effect upon some aspect of health as blood lead levels increase.
The best documentation of the dose-effect relationship comes from many years of experience of occupational exposure of adult men to moderate or high levels of lead.' One example arose in Glasgow when demolition workers cutting lead-painted steel structures became ill. 15 Eleven were admitted to hospital with blood-lead concentrations ranging from 5·0-6·7 urnol/L with the following prevalence of clinical signs and symptoms: excessive weakness and fatigue (100%), anaemia (90%), abdominal pain (80%), nausea and vomiting (50%), constipation (50%), pleuritic pain (50%) and anorexia (50%). Other effects were noted, but after a short course of intravenous therapy with calcium EDTA, there was a rapid clinical improvement which allowed their discharge from hospital.
The monitoring of exposed industrial workers is obviously important, and Irwig et al. 16 found that blood-lead determinations were the best single predictor of morbidity. The frequency of clinical signs increased as blood-lead concentration increased. For adult male workers, there are few important clinical effects at blood lead levels below 4·0 IJ-moVL, and the present UK practice is to take action above this level. The Code of Practice for control of lead at work requires that blood lead measurements are made during statutory medical examinations of industrial workers. Various categories of risk and required clinical action are defined in Table 2 . 17 The combination of clinical examination and blood-lead measurement allows for individual variation in response. The incidence of lead poisoning in supervised industry in the UK is now very small indeed. In a study of the causes of death amongst lead workers from 1925 to 1976, Malcolm and Barnett" found a significant increase in deaths from cerebral vascular disease in men from the earliest period who were the most severely exposed to lead. After 1964, with improvement of industrial hygiene, mortality was no longer any higher than that expected for the general population. Therefore, moderate exposure to lead may not carry a significant risk for adult men. Shannon et al. 19 recorded no increase in sickness rates or absence from work in men with known lead exposure. However, Baker et al. 2u found that about 13% of workers with blood lead levels between 2·0 and 3·8 IJ-moVL had extensor muscle weakness, and that 5% of the workers were anaemic. These and other studies have led to a proposal that the permissible level should be reduced. Both the World Health Organisation and the US Occupational Safety and Health Administration have recommended that 2·0 IJ-moVL should be considered as an action limit.
An extensive Finnish study'! has reported on Fell the effects of stringent health checks and improvement in working conditions in their lead-using industry. In 1968, over 25% of men surveyed had blood-lead values above 3·5 umol/L, By 1977, less than 1% exceeded this figure. The authors concluded that exposure levels can be reduced and supported the proposals to lower the acceptable blood level for industrial workers.
Population surveys and the health effects of lead exposure
The World Health Organisatiorrf has proposed ranges of blood lead concentration which correspond to a biological effect, the latter being either a biochemical change or a clinical symptom. They are listed in Table 3 .
As stated earlier, much interest is now expressed in the potential harm occurring at blood-lead levels well below 4·0 umol/L, the current action limit for industrial exposure. A European Health and Safety Commission document? proposes that acceptable blood-lead levels for the general population should be defined as: less than 2% of the population with values greater than 1·7 urnol/L; less than 10% with values greater than 1·5 umol/L; and less than 50% with values greater than 1·0 umol/L, The view is now emerging'r'!' that the maxmum permissible level for children and expectant mothers should be 1·2 umol/L, Although the 1981 survey of Glasgow households, referred to earlier, found that blood lead levels met the EEC guidelines, there were still some 4% of the population who had results above 1·5 umol/L. This suggests a need for continued surveillance of susceptible individuals such as young children and pregnant women.
A recent population survey of almost 10 000 people in the USA 23 from the ages of 6 months to 74 years showed that only 1·9% of the blood lead values were above 1·4 umol leadIL, but some 4% of children (aged 6 months to 5 years) had levels above this limit. Values for black children (12·2% above 1·44 umol/L) were higher than for white children (2·4% above 1·44 umol/L). As expected, children from the inner cities had higher values of blood lead than children living in the country.
American health-screening programmes now include tests for lead exposure, and it has been estimated that more than 750 000 children have an excessive exposure to lead in their environment. Even in a 'low-risk' group, some seven out of every 1000 have blood lead values above 1·5 umol/L, The American authors take the view that since this easily exceeds the incidence for a common inborn error such as congenital hypothyroidism (1 in 4000), it is important that systematic screening be undertaken to prevent the avoidable risk of lead poisoning.
Low-level lead exposure and child health
What is the risk to children who have blood lead level below 1·5 urnol/L? Is a significant hazard to their intellectual development induced by continuous low-level lead exposure? In 1980, the Lawther report? considered the evidence in detail and pointed out the difficulties of interpreting the numerous studies, due in part to both the analytical imprecision at low blood-lead levels in some laboratories, and to the multifactorial influences affecting children's mental development. Two articles by Emhart in 1981 24 • 25 also reviewed the evidence and concluded, 'If there are in fact behavioural and intellectual sequelae of low levels of lead, independent of other aspects of parenteral and social influences upon development, these effects are minimal'. Others such as Needlernarr'" disagree and place much reliance upon the finding of the positive relationship between tooth lead content and intellectual impairment, but as Delves et al. 27 have pointed out there are considerable problems in the interpretation of the measurement of lead in teeth as an index of environmental exposure.
The health risk for children with low bloodlead values remains uncertain. Rutter (one of the authors of the Lawther report) is reported'" to consider that there may well be a causal link between lead and impairment of intellectual development but that the effect is minor in determining school performance.
The more recent evidence suggesting a positive link has been presented in detail.P while the Royal Commission!' considered that although intellectual impairment from low-level lead exposure in children remains unproven, or even unprovable, it would be prudent to reduce lead pollution of the environment as far as possible.
Biochemical effects or lead toxicity
Lead can complex with a wide variety of negatively charged ligands such as sulphydryl, carboxyl and imidazole residues present in enzymes and other proteins. This causes widespread inhibition of numerous intracellular biochemical pathways. Alterations in energy regulation and protein and nucleic-acid synthesis occur, producing a generalised reduction in cellular growth. 28 Most of the changes that occur are too non-specific to be of value as diagnostic aids in human lead exposure. However, much interest has centred upon the effects of Pb2+ as an inhibitor of haem biosynthesis since, even at low levels of lead exposure, significant and easily measureable biochemical changes occur. At least five stages in the synthesis of haem from its precursors, glycine and succinyl CoA, are known to be affected by lead. The two enzymes which are most sensitive are b-amino laevulinic acid dehydratase (ALA-D) and ferrochelatase. As a consequence of ALA-D
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inhibition the plasma and urinary levels of b-amino laevulinic acid (ALA) rise, while the inhibition of ferrochelatase results in a build-up of protoporphyrin in red cells, an increase in tissue iron stores and of plasma iron levels and eventually a fall in haemoglobin. Anaemia is a relatively late manifestation of lead toxicity and is caused by a reduction in globin synthesis and a shortened red-cell survival time, as well as by the effects of lead upon haem synthesis.
An increased urinary excretion of coproporphyrin III during lead exposure is suggestive of an inhibition of coproporphyrinogen oxidase, but this is not fully established experimentally.
Measurement of the urinary excretion of ALA and coproporphyrin have traditionally been used for the monitoring of lead workers. These tests lack sensitivity for detection of lower levels of environmental exposure. More recently the measurement of red cell ALA-D activity and red-cell porphyrin concentrations, have been preferred. Blood for ALA-D assay should preferably be examined within 2 hours of collection; a standardised assay has been established.i"
The increased protoporphyrin which builds up in the red cell is sometimes erroneously referred to as 'free erythrocyte porphyrin' or FEP. The porphyrin produced is zinc protoporphyrin (ZPP), the zinc atoms filling the vacant space in the protoporphyrin molecule resulting from the failure of iron insertion due to the reduced ferrochelatase activity. This molecule then becomes incorporated into haemoglobin during haemopoiesis. Even during severe lead poisoning no more than 1% of haem is so replaced, but the highly fluorescent characteristics of ZPP allow its quantitation. Both ALA-D and red cell protoporphyrin correlate well with blood lead concentration, except during the first 2 months of exposure, since the inhibitory effects of lead on haem synthesis occur during the manufacture of red cells in bone marrow. Reduction of ALA-D activity is the most sensitive test since this occurs at blood levels of less than 0·5 IJ.moVL and almost complete inhibition is observed at blood lead levels of 2·0 IJ.moVL. Blood porphyrin levels increase exponentially when blood lead concentration exceeds 1·5 IJ.moVL. 30 Meredith and Moore.I' in a detailed evaluation of the predictive value of the various abnormalities of haem biosynthesis induced by lead, note that although ALA-D assay is a highly sensitive index of industrial exposure, it is more difficult to perform in a service labora-tory than blood porphyrin measurement. A portable fluorimeter specially designed with front-surface reflectance optics is now available for blood porphyrin measurement and has been applied in population surveys and in factory monitoring.
Although the US Center for Disease Control advise that both blood lead and blood porphyrin be measured, if only one test is feasible they propose screening by blood porphyrin measurement. Bush et al. , 32 in an evaluation of blood porphyrin methods and their use in lead poisoning, warn that the predictive power of the test is least in young children. In this case the ability of porphyrin analysis to predict the level of lead in blood could be poor if an action limit for red cell protoporphyrin of 1·07 umol/L (60 !!g/l00 mL) is employed. They consider that the prevention of irreversible brain damage requires the early demonstration of even slight elevations in blood lead which may well occur before a significant rise in red cell porphyrin has occurred. It should also be remembered that iron-deficiency anaemia will also cause an elevation of blood porphyrin levels and differential diagnosis may require further haematological investigations.i" Nevertheless, the ease with which blood porphyrin assay can be performed on large numbers of children using only a microsample of blood, and with portable equipment, does make it a valuable technique in the detection of excessive lead absorption.
Analytical aspects of blood lead measurement
Numerous inter-laboratory comparisons have shown poor agreement when pooled blood samples were analysed for lead content. In 1974 Browne et al. 33 noted differences of 30% when duplicate blood samples were sent to different laboratories. When the earlier colorimetric method based on the dithizone reagent was replaced by direct instrumental methods, more laboratories undertook blood-lead analysis and various quality assessment schemes were started. Delves'" has proposed target reproducibilities for different applications: (a) detection of lead poisoning, range 2·0--5·0 umol/L, reproducibility desired ± 10% ; (b) industrial hygiene control, range 2·0--5·0 urnol/L, reproducibility desired±5%; (c) environmental pollution studies, range 0·4-2·0 umol/L, reproducibility±5%. This latter figure will be difficult to achieve in practice.
The American population survey,Ll using a strict quality control protocol, showed that between-batch precisions were 12% for pool mean values above 1·5 urnol/L and 15% for pool mean values below 1·5 umol/L. The most widely employed methods for the assay of lead in blood are based upon atomic absorption spectrometry (AAS) and anodic stripping voltammetry. Both require small volume blood samples, have a high sample throughput and acceptable reproducibility. The results from the UK National External Quality Assessment Scheme (Birmingham) and the Supraregional Assay Service Scheme (University of Surrey, Guildford) show that participating laboratories can usually agree within 5-10% over the range 2·0--5·0 umol/L, Individual laboratories do have periods of poor performance, making it necessary that proof of current satisfactory quality control performance is seen whenever reports of blood-lead values are being considered.
A detailed account of the procedures used in setting up a satisfactory analytical control scheme is given in a report which describes a survey of blood-lead levels in seven different countries.P The accuracy of blood-lead measurement has been assessed by comparison with a reference technique using isotopedilution mass spectrometry. 36 This study suggested that most methods overestimated lead in blood at levels below 2·0 umol/L and underestimated it at higher levels. Contamination by extraneous lead during sampling and preparation for analysis was a serious problem, especially when small (10--20 !!L) samples were used. Underestimation of lead arose from the use of non-linear calibration curves and incomplete recoveries of lead during preconcentration and extraction procedures.
A widely used procedure is the microsampling attachment for flame AAS introduced and developed by Delves.I" The technique has a high sample throughput, but can be operatordependent and is limited to the determination of relatively volatile metals such as lead and cadmium.
Electrothermal atomic absorption (ETA-AAS) performed relatively poorly in terms of precision compared with other rnethods.:" This technique is, however, now becoming more widely applied since other metals (such as aluminium) can also be determined in the hospital laboratory. At the same time, ETA-AAS has undergone development and reproducibility has improved with the availability of commercial autosamplers. Various procedures have reduced the serious chemical interferences, and techniques such as use of the Zeeman effect for optical background correction or the use of platform atomisation may allow direct analysis of lead in blood with calibration using aqueous standards.V A modification of flame AAS using atomic fluorescence has also been applied to lead analysis." and although not commercially available, this technique is rapid, suffers few chemical interferences and has a wide linear working range.
Whatever technique is adopted by a laboratory undertaking blood-lead analysis it is imperative that a rigorous systerrr'" of internal and external quality control is adopted and the performance of the method kept under continuous review.
Conclusions
Lead toxicity cannot be diagnosed with certainty; diagnosis can be made only by laboratory confirmation of increased lead absorption together with biochemical and haematologjcal evidence of a toxic effect. Definition of a dangerous level of exposure requires knowledge of the critical accumulation of lead in target organs such as the central nervous and haemopoietic systems. While such studies are feasible for experimental animals, in man it is not practicable to determine in vivo the concentration of lead in the brain or bone marrow. Accordingly, indirect procedures such as measurement of lead in blood, urine, deciduous teeth and hair have been used to assess exposure. Lead concentration in blood, however, only reflects recent exposure and may be normal after a previous period of high exposure. The amount of lead in teeth or hair ought to reflect the extent of lead accumulation over a much longer period, but sampling problems and analytical difficulties have limited the usefulness of this approach. The demonstration of abnormalities in the metabolism of porphyrin, produced by lead-induced inhibition of haem biosynthesis, has also provided a number of useful biochemical markers, the most widely used being that of blood porphyrin measurement.
Nevertheless, despite the limitations of the assay of blood lead, it has been used successfully to monitor those improvements in hygiene which have almost eliminated lead poisoning in industry. The reliable determination of lead in blood remains the best single index of the current level of lead exposure and absorption.
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The difficulty in obtaining consistently reliable and accurate blood-lead levels means that at present such assays are best performed in laboratories with a specialised interest and where there is sufficient workload to justify the commitment of experienced staff and modern equipment.
